:"'. ,.,, .,., .,:S$s., ,,, . Much is now known about axis formation and segmentation of the Drosophila embryo; however, relatively little is known about morphogenesis of the internal organs such as muscle. In vertebrates, myogenesis is controlled in part by the MyoD family of basic helix-loop-helix transcriptidn factors and a second factor, the myocyte-specific enhancer factor 2 (MEF2) (reviewed in refs. 1-3). In Drosophila the only MyoD muscle homologue identified thus far is the nau/Dmyd gene; however, the timing and restricted pattern of expression of the naul Dmyd gene suggests that it probably has a more limited role in muscle differentiation than its vertebrate homologues (4, 5) .
A single mef2 gene has been identified in DrosQphila (6, 7) . The mef2 gene is expressed in the mesoderm of early embryos shortly after gastrulation, and continues to be expressed jn cardioblasts and in visceral and somatic muscle lineages throughout embryogenesis. MATERIALS AND METHODS Nuclear Extract Preparation and Gel Mobility Shift Assay. Nuclear extracts were prepared from isolated nuclei as described (14) except that KCl was used instead of (NH4)2SO4 to extract the nuclei. Gel mobility shift assays were performed according to Parmacek et al. (15) with slight modifications. Gel mobility shift assays of the 1B(c) fragment (see Fig. 2A ), and those of the double-stranded oligonucleotides (see Fig. 2B) were in 5 and 8% polyacrylamide gels, respectively. The rabbit polyclonal anti-MEF2 antibody has been described (8) .
DNA Cloning and Plasmid Preparation. The reporter gene P-element vector construct containing the Drosophila hsp7O gene promoter and the Escherichia coli lacZ gene (pWhsp7Olac) and the reporter constructs 1B (proximal enhancer), 1B(c), and muscle activator (MA) DNA fragment [referred to previously as 1B(a)] have been described (12, 13) . The 1BAMEF2(a and b) constructs were made by mutating the 1B plasmid using the Altered Site mutagenesis system (Promega) and the single-stranded oligonucleotides indicated below. The mutated fragments were amplified by PCR and cloned into the KpnI-NotI site of the pWhsp7Olac transformation vector. The MA+MEF2, MA+AMEF2, MEF2, and AMEF2 constructs were made using the double-stranded oligonucleotides listed below which contain 5' BamHI and 3' Notl protruding ends. The MA+MEF2 and MA+AMEF2 constructs were made by cloning a KpnI-BamHI MA fragment along with the doublestranded oligonucleotide into the KpnI-NotI site of the pWhsp7Olac vector. The MEF2 and AMEF2 constructs were made by cloning the oligonucleotide into the BglII-NotI site of the pWhsp7Olac vector. The 3B construct was made by cloning a 3B fragment amplified by PCR into the KpnI-Notl site of the pWhsp7Olac vector. 3BAMEF2 was made by PCR amplification of the 3B fragment incorporating the single-stranded mutant oligonucleotide listed as described (16) . All Proc. Nati. Acad. Sci. USA 93 (1996) double-stranded 5'-GATCCGCATTTCTCGAGAACT-CTGC-3' 3BAMEF2; single-stranded 5'-GCATATAAAGT-TTGAGCTCAACCCCACCG-3'. P-Element Transformation and Analysis of Transgene and Endogenous TmI Expression. P-element transformations were carried out according to Spradling and Rubin (17) and as described (12) . Whole mount in situ hybridization using digoxigenin-labeled antisense ,B-galactosidase and TmI RNA for analysis of transgene and endogenous TmI expression, respectively, was performed as described (18, 19) . ,3-galactosidase enzymatic staining of larvae and adult flies was done as described (13) . A rough quantitation of expression levels in larval and adult muscles among different constructs was achieved by the visual monitoring of the timed appearance of the blue reaction products from the 5-bromo-4-chloro-3-indolyl f3-D-galactoside (X-Gal) substrate/,B-galactosidase reaction. Generally, the highest expressing constructs achieved a , and 1B(c) fragments are indicated, and their functions were described (13) . The 12-bp conserved sequences in the proximal and distal enhancers that contain the consensus MEF2 binding site sequence are indicated. (B) Expression levels of ,B-galactosidase mRNA in embryonic and 13-galactosidase enzyme in larval and adult muscles that are observed with specific enhancer and MEF2 transgene constructs. S and V refer to somatic and visceral muscles, respectively. The + and -measurement of expression levels is described in Materials and Methods. Unless otherwise indicated, all of the lines for a construct showed the indicated expression pattern. a, Number of independently transformed lines obtained and analyzed. b, Three lines showed no expression; one line showed very weak expression in embryonic body wall muscles and larval and adult somatic and visceral muscles as well as moderate expression in adult IFM/TDT muscles. c, Both lines showed moderate embryonic expression in a subset of ventral body wall muscles and one line also showed ectopic expression in the epidermis; also one line showed weak visceral muscle expression in larvae and adults, whereas the other showed moderately high expression in all larval and adult muscles. d, Two lines showed no expression; one line showed weak expression in somatic muscles of embryos, in somatic muscles, and hindgut visceral muscles of larvae and adults, including IFM and strong expression in TDT muscles. e, One line showed mid-and hindgut endodermal and epidermal expression and one line showed epidermal expression in embryos; two lines showed no expression and one line showed very weak expression in a subset of larval dorsal body wall muscles and midgut visceral muscles. All three lines showed very low expression in adult abdominal muscles. f, One line showed no expression and three lines showed expression in embryonic visceral muscles and in larval hindgut visceral muscles. g, One line showed light body wall, one line showed epidermal, and two lines showed peripheral nervous system expression in embryos; no lines showed larval expression but all lines did express in the adult abdominal body wall muscles. h, All three lines showed moderate expression in embryonic body wall muscles; two of three lines showed no larval body wall or visceral muscle staining and one line showed very weak expression in larval body wall and visceral muscles; all three lines showed weak expression in the adult abdominal body wall muscles. Proc. Natl. (8, 20) . (Fig. 1A and refs. 12 and 13) . Indeed, both the proximal and distal enhancers in the intron can direct high level expression of a heterologous hsp7O promoter/i3-galactosidase reporter gene in the somatic body wall and visceral muscles of the embryo, larva, and adult. However, unlike the proximal enhancer, the distal enhancer cannot direct expression in the adult IFM/tergal depressor of the trochanter (jump) (TDT) muscles.
RESULTS

Organization of the
On the coding strand the proximal enhancer fragment contains a 12-bp sequence gTTAAAAATAAa with a perfect match of the 10-bp vertebrate MEF2 consensus binding sequence (3, 6, 7) . To determine whether the proximal enhancer could be a target for MEF2 binding, the 120-bp 1B(c) fragment containing the putative MEF2 binding site was used in a gel mobility shift assay to test for MEF2 binding activity in embryo nuclear extracts. Fig. 2A shows that several bands are retarded when nuclear extract is mixed with labeled 1B(c) DNA (lane 2). The binding activity in the extracts is due at least in part to MEF2, since MEF2 antibody specifically supershifts one major and two minor bands (lanes 3 and 4) . The supershifted bands are not seen with preimmune serum (lanes 5 and 6), are competed by a double-stranded oligonucleotide containing the 10-bp MEF2 consensus binding sequence (lanes 7 and 8), and not competed by an oligonucleotide containing a 6-bp mutation within the consensus sequence (lanes 9 and 10). Further analysis of the 1B(c) fragment showed that the MEF2 binding activity was in a fragment containing the consensus MEF2 binding sequence and a mutation in this sequence in the 113(c) fragment eliminated the supershifted products (not shown). As with the proximal enhancer the distal enhancer also contains a 12-bp sequence with a consensus MEF2 binding site sequence. Similar results were obtained when the distal enhancer 3B fragment was assayed for MEF2 binding (not shown). Accordingly, a double-stranded oligonucleotide containing the consensus MEF2 binding and flanking sequences was assayed for binding activity. Fig. 2B shows that, upon incubation of nuclear extract with the labeled consensus sequence oligonucleotide, three major bands are retarded (lane 2), which are supershifted with MEF2 antibody (lanes 7 and 8) . The shifted bands are competed by a wild-type sequence oligonucleotide (lanes 3 and 4) and not competed by a mutated oligonucleotide (lanes 5 and 6). The highest molecular weight supershifted product may not be specific, because a band at this position is also detected with preimmune serum (lanes 9 and 10) . The (B) . Nuclear extracts prepared from 0-to 24-hr embryos were used and the MEF2 and AMEF2(a) competitor oligonucleotides are as described. The MEF2 antiserum (a-MEF2) and preimmune serum have been described (7) . Brackets in A, lane 3, and B, lane 7, show the MEF2 supershifted products. Bracket in B, lane 2 shows the gel retardation products. P refers to the position of the probe. function in transgenic flies (Fig. 1B) . As shown previously (13), the proximal enhancer fragment (1B construct in Fig. 1B) can direct low level visceral muscle expression and high level expression in somatic body wall muscles in embryos (Fig. 3A) , and high level expression in the body wall and visceral muscles of larvae (Fig. 4A and B) , and adults (not shown). By contrast, the first 90-bp of this fragment [MA fragment in Fig. 1B and previously referred to as 1B(a)] can direct only basal level (about 10%) expression in body wall muscles (Figs. 3B and 4C) . Expression in visceral muscle by the proximal enhancer is too low to reliably quantitate in embryos. However, staining of Biochemistry: Lin et al. larval visceral muscle fibers, which are more distinct, shows that MA fragment-direcied expression is only slightly reduced as compared to that obtained with the entire proximal enhancer (Fig. 4 B and D) . The MA region construct does not drive any detectable'expression in adult IFM/TDT muscles (13).
We first tested the effect of mutating the MEF2 binding site on enhancer function by making two different 6-bp mutations in the MEF2 site in the con'text of the entire proximal enhancer [lBAMEF2(a) and (b) in Fig. 1B ]. Both mutations eliminated MEF2 binding activity in nuclear extracts (not shown). Transgenic flies carrying the 1BAMF1F2(a) construct show either no expression or basal level expression in the somatic body wall and visceral muscles of embfyos (Fig. 3C) , larvae ( showed moderate embryonic expression in a subset (mostly ventral) of body wall muscles, and one of the 1BAMEF2(b) lines also expressed at a low basal level in larval and adult visceral muscle only and the other at a moderately hig#i level in body wall and visceral muscles in larvae and adults. These observations probably reflect differences in the mutated sequences between the two 1BAMEF2 constructs and/or by the integration of the trnansgene in the higher expressing line in a chromosomal region influenced by a nearby enhancer. Reporter gene expression in adult somatic and visceral muscle was quantitatively the same as in larvae for all of the constructs tested and therefore Qnly the larval results are shown. In summary, mutation of the MEF2 binding site severely reduced or eliminated muscle expression directed by the proximal enhancer in embryonic, larval, and adult body wall and visceral muscles.
We Fig, 1B ) and its expression determnined in transgenic flies. In the three lines containing this construct, two showed no JetFctable expression in embryonic (Fig. 3D) , larval ( Fig. 4 G',ind {f, or adult muscles (not shown). One line showed very low body wall expression in embryos, larvae, and adults, including IFM and strong expression in TDT muscles.
We alsp analyzed the transcriptional activity of the 20-bp sequence oligonucleotide containing the same mutation of the MEF2 site as in 1BAMEF2(a) construct. Two of three lines of this AMEF2(a) construct (Fig. 1B) showed no expression; however, one line showed very low expression in a subset of dorsal body wall muscles and midgut visceral muscle of the larva, and all three lines showed very low expression in adult abdominal muscles, suggesting that the mutated MEF2 site or sequences on either side of it contain some transcriptional activity. We examined further the activity of the single MEF2 site in the context of the larger 120-bp 113(c) fragment to test the possibility that the MEF2 site peeds to be buffered from the P-element sequences and/or the promoter [1B(c) in Fig. 1B] .
Three of the four lines containing this construct showed what may have been low level ex'pression in embryonic body wall muscle; however, each line also showed considerable ectopic nonmuscle staining, thus making it difficult' to determine if there was some low level staining in muscle. We did not detect any body wall or midgut visceral muscle staining in larvae or adults but did detect expression in larval hindgut muscles in these three lines. The fourth line showed no expression at any stage. We conclude that a MEF2 site oligonucleotide alone cannot drive expression in body wall or visceral muscles. However, in the context of the larger 1B(c) fragment, the MEF2 site or other sequences in this fragment may be capable of directing low level expression in embryonic body wall muscles but not in larval or adult muscles. Thus, MEF2 must work in conjunction with additional sequence elements in the proximal enhancer to direct high level muscle expression.
The distal enhancer, which also contains a MEF2 binding site, can direct expression in somatic and visceral muscles to comparable levels as the proximal enhancer (3B in Fig. 1B) . The effect of mutating the MEF2 binding sequence on distal enhancer-directed expression in larval and adult muscles was the same as with the proximal enhancer. All three of the lines showed either no or basal level expression in larval and adult muscles (Fig. 1B, line 3BAMEF2) . Surprisingly, and unlike the results obtained with the proximal enhancer, all three lines showed a moderate level of expression in embryonic body wall muscles (Fig. 3E) , suggesting that MEF2 may not be the only factor required for distal enhancer-directed high level expression in the embryo. (8) . TmI expression in the body wall muscles of these transheterozygous deficiency embryos is greatly reduced when compared to wild-type embryos (compare Fig. 5 A and  B) . The observed low level of TmI expression is either in mononucleated myoblasts or in the small number of multinucleated muscle fibers that do form. This low level of body wall muscle TmI RNA can be accounted for by the reduced number of myoblasts and myotubes in the mutants and is most likely the expression directed by the MA region. No TmI expression was detected in the pharyngeal muscle in mef2 mutants. Interestingly, TmI expression in the visceral muscles (Fig. SC) and dorsal vessel (Fig. 5D) approximates the expression levels observed in wild-type embryos, although the gut of mef2 mutant embryos does not form normally (8, 9 However, this model for TmI muscle enhancer regulation, which is similar to models in which MEF2 interacts cooperatively with basic helix-loop-helix and other myogenic factors to regulate vertebrate muscle genes (21) (22) (23) , is likely to be too simplistic. For instance, we have shown in previous studies that the basal level activity of the MA region is inhibited when ligated to the 1B(b) fragment, indicating that a repressor is located in the 1B(b) fragment that can inhibit MA region function (13). We do not know if the MEF2 site within the 1B(c) fragment in the context of the entire proximal enhancer is responsible for overcoming this inhibition; however, if so, it would suggest that MEF2 may act through a negative regulatory element(s) within the 1B(b) fragment. Our results would support such a hypothesis and would explain why most of the 1BAMEF2 transgenic lines showed no or very weak transcriptional activity in both visceral and body wall muscle rather than a level of expression comparable to the MA fragment alone. This cannot, however, explain why all of the MA+AMEF2 lines were transcriptionally silent since the putative 1B(b) repressor is not contained within this construct. One possible explanation is that the mutated MEF2 oligonucleotides used in this experiment, which contain additional 1B(c) DNA flanking the mutated MEF2 site, may bind a repressor that inhibits MA function. A similar mechanism has been proposed for MEF2 regulation of the vertebrate creatine kinase muscle enhancer (24) . In activity in embryonic body wall muscles although it is required for high level enhancer function in larval and adult body wall muscles. The observed difference between proximal and distal enhancermediated expression in embryonic muscle suggests that the distal enhancer is regulated differently. Therefore, it will be important to determine whether the distal enhancer contains a separate activator function, which depends upon different cis-regulatory elements than those in the proximal enhancer, or if it contains an MA region with greater activity that is not dependent on MEF2.
Regulation of TmI Expression in Visceral and Cardiac Muscle. TmI expression in visceral muscles and the dorsal vessel is largely unaffected in mef2 mutant embryos. This agrees with the observation that the MA region, which does not contain a MEF2 binding site, can direct expression in visceral muscles at almost the same level as the entire proximal enhancer. We have noted that sequences in the 1B(b+c) region can also contribute to embryonic visceral muscle expression (unpublished). Thus, despite the fact that mef2 is expressed in visceral muscles and the dorsal vessel, mef2 does not appear to regulate TmI expression in these two muscles as it does in somatic muscles. Interestingly, it has been documented that in mef2 mutants, myosin heavy chain expression is not detected in the dorsal vessel and is greatly reduced in visceral muscles (8, 9) , thus suggesting that myosin heavy chain is regulated differently than TmI in these two muscles. Alternatively, myosin heavy chain protein, which was measured in these studies, was unstable because thick filaments may not form in the dorsal vessel and visceral muscles of mef2 mutant embryos (25) .
Regulation of TmI Expression in Adult Muscles. mef2 has been shown to be expressed in embryos and larvae (6, 7) . Our results indicate that mef2 is required for high level expression in the somatic muscles of adults, thereby suggesting that mef2 is expressed in these adult muscles and has a similar function in regulating TmI expression in developing adult muscles as it does in embryos and larvae. Furthermore, the low level expression by the MA+MEF2 construct in the IFM/TDT muscles indicates that mef2 is probably expressed in these muscles or their precursors as well. However, it appears that cooperative interactions between MEF2 and the MA region is not sufficient for high level expression in these muscles and that additional sequences spanning the 1B(b) and 1B(c) fragments are also required for high level expression in the IFM/TDT muscles (A. Wohlwill and R.V.S., unpublished work).
In summary, the results presented here show that the Drosophila mef2 gene is required for transcriptional regulation of the TmI gene during embryonic, larval, and adult myogenesis, thus identifying TmI as the first reported target gene for mef2 regulation. In addition, we have shown that MEF2 acts cooperatively with a second cis-acting region MA region to regulate high level transcriptional activity.
